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Abstract

The components of natural deep eutectic solvents (NADES) are abundant in plants. This
led to our hypothesis that NADESmay play an important role in solubilizing, storing, and
transporting poorly water-soluble metabolites in living cells, adjusting the water con-
tent of plants, and protecting cells when in harsh conditions. In order to test these hypo-
thetical roles, diverse plant materials were analyzed, including leaves, petals, plant
secretions and seeds. Comparatively high amounts of ingredients of NADES are
observed in those organs. In particular, resurrection plants in dry state contain a higher
amount of NADES components than fresh ones, and the level of NADES components is
specifically higher in the outside layer (aleurone and seed cover) of barley, than in the
inside (endosperm and embryo) layer. A high accumulation of sugars, sugar alcohols,
amines, amino acids, and organic acids dominate plant secretions such as sap and nec-
tar, often in typical molar ratios of NADES. This strongly supports the hypothesis of the
existence of NADES in plants. For the roles, experimentally, NADES and water were
mixed resulting in liquids with different compositions and properties. In the case of
plants, NADES and water co-exist in the cells and may form ideal solvents for metabo-
lites of diverse polarities and macromolecules. Some NADES are hygroscopic, providing
evidence for possible water level controlling effects of NADES in plants. Most impor-
tantly, NADES may accumulate around the lipid bilayers, form intermolecular bonds
with the polar heads of lipids, and stabilize the membrane, as revealed in experiments
with liposomes. This study gives in vitro evidence for the different roles NADES may play
in living organisms, and opens perspectives for further exploring the existence and func-
tions of NADES in plants cells. The omics allows now to identify all molecules in an
organism or even in a cell. The challenge for future research will be to understand
how there molecules interact in the dynamic cellular processes and their compartmen-
tation on a nanoscale. In other words the challenge is to unravel the molecular inter-
actions in the three dimensions of space and the one of time, which will require a true
multidisciplinary collaboration.

1. Introduction

Based on the observations made in metabolomics that all kind of

microbial, plant and animal cells have similar patterns of some abundant pri-

mary metabolites in certain molar ratios, Choi et al. proposed the occurrence

of a third liquid phase in living organisms. This liquid consists of two ormore

common solid (crystalline) primary metabolites that form an ionic liquid, or

a deep eutectic solvent (Choi et al., 2011; Dai, van Spronsen, Witkamp,

Verpoorte, & Choi, 2013; Dai, Witkamp, Verpoorte, & Choi, 2015).

They called these liquids natural deep eutectic solvents (NADES). In fact,

one may consider NADES as liquid supermolecules, composed of natural

compounds in certain molar ratios connected by intermolecular interactions

with each other, particularly H-bonding, i.e., NADES consist of a hydrogen
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bond donor and acceptor (Choi et al., 2011). The strong hydrogen bonding

between these compounds is the crux for the specific characteristics of the

NADES such as non-volatile, viscous and liquid in a wide temperature

range. Their polarity is in the range of water and alcohols, making them par-

ticularly optimal solvents for medium polar compounds, which often have

poor solubility in water, like most secondary metabolites.

When adding water to a NADES it is clear from the NMR spectra that

until a dilution with about 50% of water, there is still an interaction between

the NADES components. At higher dilutions the NMR spectra are like an

aqueous solution of the NADES ingredients (Dai et al., 2015). In our view

NADES are thus more a concept of the dynamics of different liquid phases in

cells and organisms than a strict static physicochemical phenomenon of a

deep eutectic mixture of two compounds. The components of NADES

are metabolites that are found in high amounts in living cells (sugars, sugar

alcohols, organic acids, amino acids, amines) as well as water. NADES pos-

sess some properties that make them very interesting solvents (Dai, van

Spronsen, et al., 2013; Dai, Witkamp, Verpoorte, & Choi, 2013, 2015),

e.g., negligible volatility, low melting point (liquid even far below �20°C),
broad polarity range and high solubilization power of a wide range of

compounds (Choi et al., 2011; Dai, van Spronsen, et al., 2013, 2015).

Poorly water-soluble low molecular weight metabolites and macromole-

cules (e.g., DNA, proteins, and polysaccharides) have shown good solubility

in NADES (Mamajanov, Engelhart, Bean, & Hud, 2010; Dai, van

Spronsen, et al., 2013; Dai, 2013; Dai, Witkamp, et al., 2013; El Achkar,

Fourmentin, & Greige-Gerges, 2019; Núñez-Pertı́ñez & Wilks, 2020, see

chapter “Proteins in deep eutectic solvents: Structure, dynamics and interac-

tions with the solvent” by Sanchez-Fernandez and Jackson). Moreover

NADES are suitable for enzymatic reactions (Zhao, Baker, & Holmes,

2011; Choi et al., 2011; chapter “Natural deep eutectic solvents as perfor-

mance additives for biocatalysis” by Erol and Hollmann of this issue) and

biotransformations (Guti�errez, Ferrer, Yuste, Rojo, & del Monte, 2010).

The hypothesis of NADES being a third liquid phase in organisms still

needs more solid evidence. The indirect evidence comes from plant toler-

ance against, e.g., drought, cold, and salinity, in which tolerance has been

found to be correlated with high levels of some of the mentioned common

cell metabolites such as sugars (e.g., sucrose, trehalose, raffinose), sugar alco-

hols (e.g., inositol, mannitol), organic acids (e.g., ascorbic acid), amino acids

(e.g., proline), and amines (e.g., betaine, choline) (Bartels & Sunkar, 2005,

chapters “NADES formation in vegetative desiccation tolerance: Prospects
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and challenges” by du Toit et al. and “Natural deep eutectic solvents—A

new era of cryopreservation” by Jesus et al. of this issue). For example,

the content of proline increased more than 10 times to nearly the samemolar

concentrations as sucrose during the natural desiccation of the resurrection

plant Selaginella bryopteris (L.) Baker (Pandey et al., 2010). Whereas in other

resurrection plants accumulation of high levels of glucose, sucrose and

amino acids was observed, e.g., Sporobolus stapfianus Gand. (Whittaker,

Martinelli, Farrant, Bochicchio, & Vazzana, 2007), and of sucrose and raf-

finose in Xerophyta viscosa Baker (Peters, Mundree, Thomson, Farrant, &

Keller, 2007). Moreover, higher amounts of sugars (fructose, glucose, raffi-

nose), proline, and galactinol were observed inArabidopsis during cold accli-

matization (Kaplan et al., 2007). In fact, in cryopreservation of tissues the

common cryoprotectants are sugars, sugar alcohols, and proline (Mustafa,

de Winter, van Iren, & Verpoorte, 2011, see chapter “Natural deep eutectic

solvents—A new era of cryopreservation” by Jesus et al. of this issue).

Proline is important for the cold acclimatization of plants as well as for other

organisms (Kovács et al., 2011). All these metabolites that correlate with

drought, cold, or salinity have been classified as compatible solutes for

organisms, i.e., non-toxic molecules which do not interfere with normal

metabolism and accumulate predominantly in the cytoplasm at high concen-

tration under various stress conditions (Bartels & Sunkar, 2005; Yancey,

Clark, Hand, Bowlus, & Somero, 1982).

In our view, these compatible substances might be part of NADES that

could be formed in various cellular compartments. Drought and freezing

may result in the formation of a NADES phase containing proteins and

low molecular weight compounds, whereas the water evaporates or freezes,

respectively. This process keeps all the macro- and micro-molecules in dif-

ferent cellular compartments stored in a non-aqueous liquid phase, stabilized

by a compartment specific NADES. Dilution with water, i.e., melting in

case of frozen material or uptake in case of resurrection plants, restores

the cellular structures and cells resulting in a living cell or organism.

Thus, the indirect or chemical evidence for the roles of NADES in living

systems exists in the form of their high abundance in organisms, often in cer-

tain molar ratios like 1:1 or 2:1. However, real in situ occurrence of NADES

in any type of organism still needs solid experimental proof. To prove their

in situ presence will, first of all, require microscopy approaches. Assuming

the presence of NADES in cells, however, one may predict certain physical

characteristics of NADES that enables the interaction with other cellular

components such as membranes, cell walls, and macromolecules including
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polysaccharides, proteins, DNA, RNA and lignin. Particularly, the strong

hydrogen bonding capacities of NADES components are an important char-

acteristic in this context. A scheme of possible interactions of proton donor

and proton acceptor molecules is shown in Fig. 1. Possibly all these inter-

actions may occur in cells on a nanoscale, in a dynamic system. Some of these

processes may play a role in an organism to overcome various forms of stress,

like saline conditions, freezing temperatures, drought, wounding, and ger-

mination. SomeNADES are part of static systems, like in seeds for long-term

survival as well as in plants at low temperatures and in resurrection plants.

The aim of this chapter is to give an overview of the work we performed

for the characterization of the biological roles of NADES found in plants.

That includes both some previously reported and unpublished experimental

data from the PhD thesis of Dr. Dai. Different plant materials and secretions

have been collected and analyzed to obtain more evidence for the natural

occurrence of NADES (Choi et al., 2011, see also chapters “Natural deep

eutectic solvents present in plant exudates? A case study on the saps of

Drosera species” by Vanda et al. and “Honey in traditional Chinese medi-

cine: A guide to future applications of NADES to medicines” by Dai et al. of

this issue). An interesting phenomenon of NADES is their potential to bind

water, i.e., hygroscopicity could play a role in connection with drought-,

and cold-stress as well as storage of seeds. As mentioned above, even up

HydrogenBond

Acceptor

HydrogenBond

Donor NADES

Macromolecules:
Membranes

•    -DNA/RNA
•    Cell wall
•    Vacuoles
•    Plastids

•    Vesicles
•    Peroxisomes
•    Golgi
•    Exosomes
•    ..........

•    Mitrochondria

•    -Proteins

•    -Lignins
•    -Polysaccharides

Interactions between hydrogen bond acceptors
and donors and various types of cellular
structures

Fig. 1 Potential interactions between the hydrogen bond acceptor and hydrogen bond
donor and various cellular structures.
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to a dilution with about 50% of water the components of NADES still inter-

act with each other. This raises the question if a phase separation of NADES

and water could occur, e.g., a layer of NADES adsorbed on membranes,

proteins, polysaccharides, DNAorRNAbeing in equilibriumwith an aque-

ous phase containing a host of different small molecules. Therefore, the

diffusion process in a unstable two-phase water—NADES systemwas inves-

tigated to get information about the dynamics of such a system. Finally, to

learn more about the interaction between NADES and membranes, the

behavior of liposome bilayers in the presence of NADES in the media

was studied.

2. Occurrence of NADES in plants

2.1 Plants and stress
To study a possible role of NADES in resurrection plants, Selaginella

pallescens (C. Presl) Spring was analyzed by 1H NMR spectroscopy.

These experiments showed that a comparatively high amount of the

NADES components sugar (glucose), organic acids (succinic acid, tartaric

acid, acetic acid, γ-aminobutyric acid), and amino acids (alanine, threonine,

arginine) are present in dry S. pallescens if compared with fresh plant material

(Dai, van Spronsen, et al., 2013). The increased levels of these metabolites as

a reaction to drought was also reported for other plants, such as Arabidopsis,

which showed increased levels of sugar (sucrose), amino acids (proline, ala-

nine, arginine), organic acids (succinic acid, fumaric acid, malic acid), and an

amine (choline) in water depleted conditions if compared with normal

growing conditions (Dai, van Spronsen, et al., 2013). So, a relatively high

amount of components of NADES exists in plants under dry conditions.

However, to find direct evidence of the existence of NADES in plants to

survive various harsh conditions, in situ analysis of plant materials on the

levels of tissues, cells and cellular compartments would be required instead

of the indirect evidence from the presence of NADES components in crude

extracts of plant material.

2.2 Flower petals containing pigments
In cells, NADES might help to dissolve and preserve the non-water-soluble

or non-water-stable compounds (e.g., many hydrophobic colorants) due to

the fact thatNADES solubilize non-water-soluble phenolic compounds (Dai,

Verpoorte, & Choi, 2014, 2015; Dai, Rozema, Verpoorte, & Choi, 2016).
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Extremely high amount of rutin in the flower buds of Sophora japonica L. were

reported to contain up to 22.9% (DW) of rutin (Couch, Naghski, &

Krewson, 1952). Paniwnyk, Beaufoy, Lorimer, and Mason (2001) optimized

the extraction method and found about 12% of rutin in the flower bud mate-

rial they analyzed. Considering its very low water solubility of rutin, the high

rutin level in flower buds is a mystery, but a similar case has been reported for

anthocyanins. Considering their solubility in water, a higher than expected

concentration of anthocyanins was found in vacuolar inclusions (Markham

et al., 2000). This might be explained by the presence of a high level of

NADES in anthocyanoplasts and anthocyanic vacuoles. The co-existing

NADES could dissolve high amounts of anthocyanins, and flavonoids, or

even these phenolics may be part of a NADES itself. It is noteworthy that

small amounts of water in NADES may improve the solubility of phenolics

(Dai et al., 2015).

The types of NADES are expected to differ depending on tissue, organ,

and even cellular compartment, connected with different roles of the

NADES. In a metabolomics analysis of plant materials, one will thus find

the ingredients for different NADES, which in the tissues, cells and cellular

compartments could be clearly compartmentalized. Metabolomics analysis

of extracts of plant materials does not give any information about the local-

ization of the NADES ingredients. Only in situ analysis of the metabolites

might be able to show that components of a NADES are together in the

same space. For example, analyzing the extracts flowers of Catharanthus

roseus (L.) G. Don a number of potential NADES components were found

(Pan et al., 2014). To get insight into the molecular organization of the small

molecules in the flowers, flower petals were directly measured by high-

resolution magic angle spinning (HR-MAS) 1H NMR spectroscopy, a fast

NMR spectroscopy method that is non-destructive and can be used to ana-

lyze biological materials without the need of extraction. It was expected that

NADES components would be visible, as well as the interactions between

these components, and even the interaction between NADES and the phe-

nolics. However, the 1H NMR spectrum of petals is dominated by sugars

and organic acids (Fig. 2) and no signals of the phenolics were observed.

Also, rutin, a major compound in the dry flower buds of Sophora japonica

(upto 22.9%, DW), was hardly detected in HR-MAS 1H NMR using opti-

mized conditions for small molecules (Dai et al. unpublished results). Further

experiments are needed to also visualize the phenolics, which might be

present in a bound form in a sort of polymeric state that is not visible with

the applied HR-MAS NMR conditions for small molecules. Pohjala and
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Tammela (2012) reported that flavonoids aggregate easily, which may affect,

for example, various bioassays. Scheidt, Pampel, Nissler, Gebhardt, and

Huster (2004) showed that flavonoids interact with artificial membranes

in a freeze dried preparation of liposomes and flavonoids by using MAS
1H NOESY NMR spectroscopy. These observations might be an interest-

ing model for studying the effect of NADES on the interaction of the phe-

nolics and membranes, e.g., in cryopreservation experiments and in

resurrection plants.

It is difficult to detect NADES itself in plants. The dynamic changes of

NADES in cells and the presence of different potential ingredients of

NADES in tissues, cells or cellular compartments, such as vacuoles, vesicles,

exosomes, peroxisomes, mitochondria, or plastids point to the possibility

that different NADES may occur in different cellular compartments. That

means on a nanolevel. This requires further study on the cellular localization

of NADES and NADES ingredients, i.e., on nanolevel.

2.3 Plants secretions
Various secretions, such as maple syrup, nectar, and mucilages are present

extracellularly in plants. For example, sucrose:fructose:glucose with a molar

ratio around 1:1:1 was detected in the nectar of Cleome houtteana Schltdl.

(synonym Cleome hassleriana Chodat), and honey is composed of glucose

and fructose (1:1, molar ratio) (Choi et al., 2011). In chapter “Natural deep

glucose

fructose a -ketoglutaric acid

g -aminobutyric acid

malic acid

Quinic acid

6.0 5.5 5.0 4.5 4.0

chemical shift(ppm)

3.5 3.0 2.5 2.0

Fig. 2 High-resolution-magic angle spinning 1H NMR spectrum (400MHz) of the red
petals of Catharanthus roseus.
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eutectic solvents present in plant exudates? A case study on the saps of

Drosera species” by Vanda et al. of this issue some further studies on various

exudates of plants are discussed.

2.4 Plant seeds
A seed, as a temporary static system, is an interesting model to study the pres-

ence of NADES. In our viewpoint, NADES could be involved in the cold

and drought resistance of seeds and keeping seeds viable in dormant stage,

i.e., germinate when under the right conditions. In this context, NADES

could keep essential enzymes dissolved and upon addition of water these

enzymes are activated (Choi et al., 2011). The 1H NMR of extracts from

the outside and inside parts of barley seeds revealed the presence of, among

others, sucrose, organic acids (acetic acid, succinic acid), amino acids (thre-

onine, alanine), alcohols (isobutanol, ethanol), and amines (choline, betaine)

(Fig. 3) (Choi et al., 2011). Interestingly, the outside layer (aleurone and seed

cover) showed about equal molar amounts of sucrose and choline as major

components. These may be present as a NADES in which some of the ger-

mination related enzymes are dissolved. These enzymes may become active

after dilution of the NADES (Choi et al., 2011). Schuurink, Sedee, and

Wang (1992) emphasized the need for protection of enzymes stored in

the outside layer of the seed that must survive in extremely dry conditions

during the seeds dormant period. NADES have been shown to well dissolve

choline

sucrose

sucrose

Inside (embryo&endosperm)

choline
Outside (aleurone&seed cover)

5 4 3 2 ppm

Fig. 3 1H NMR spectra (500MHz) of extracts made with 50% CH3OH-d4 in buffer (90mM
KH2PO4 in D2O) containing 0.05% TMSP (trimethylsilyl propionic acid sodium salt (w/v))
(A) the inside and (B) outside parts of barley seeds (aleurone).
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proteins and to stabilize them (Arakawa&Timasheff, 1982; Choi et al., 2011,

see also chapters “Proteins in deep eutectic solvents: Structure, dynamics and

interactions with the solvent” by Sanchez-Fernandez and Jackson and

“Natural Deep Eutectic solvents as performance additives for biocatalysis”

by Erol and Hollmann in this issue).

3. The physicochemical properties of NADES

3.1 Liquid characteristics NADES
Several physicochemical properties of NADES were measured: the density

of NADES lies in the range of 1.08–1.36g/cm3 (Dai, van Spronsen, et al.,

2013) and their viscosity between 37 and 720mm2/s, which is much higher

than water (1mm2/s). The viscosity substantially increases at low tempera-

ture or with lowwater contents. TheNADES have a lowTg (temperature of

glass formation) far below �50 °C, thus they are stable liquids over a wide

temperature range.

Several studies have reported the physicochemical properties of cyto-

plasm in cells before the intracellular molecular glass formation in plant

anhydrobiosis. The cytoplasmic glass in dry cells results from a complex

of sugars and other cytoplasmic components such as organic acids, amino

acids, and salts (Buitink & Leprince, 2004). The viscosity of cytoplasm

increases during drying-out conditions and eventually reaches a glass state.

In general, a glass has the following physical properties: high density, tem-

perature dependent mobility and slow mobility in solid state, high viscosity,

and low Tg (Buitink & Leprince, 2008; Dijksterhuis, Nijsse, Hoekstra, &

Golovina, 2007), which are also typical for the physical properties of

NADES (Dai, van Spronsen, et al., 2013). The increasing levels of several

NADES constituents in plants during anhydrobiosis attest a role of

NADES in protecting the cells and tissues, e.g., in stabilizing the essential

proteins and the various cellular membranes (see below). In fact, freezing

of cells or plants would result in a similar process, in which water will freeze

as pure water, leaving all compounds, both of small and high molecular

weight, in the cellular liquids as a rest phase like in case of anhydrobiosis.

Freezing resistance could thus be built upon the production of high levels

of NADES ingredients. In fact, in cryopreservation of plant cells, typical

cryoprotectants added to improve the chances of survival of the plant cells

are all potential NADES components (Mustafa et al., 2011, see also chapter

“Natural deep eutectic solvents—A new era of cryopreservation” by Jesus

et al. in this issue).
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3.2 The diffusion of NADES in water
Most NADES are hydrophilic and are miscible with water since the individ-

ual components are polar compounds. The high viscosity of NADES slows

down the diffusion of water in a NADES. An example of a high viscosity

NADES is sucrose–choline chloride–water (1:4:4) (SuCH), whereas 1,2-

propanediol–choline chloride–water (1:1:1) (PpCH) is an example of a

low viscosity NADES (Dai, van Spronsen, et al., 2013). To study the diffu-

sion in a two-phase system consisting of NADES and water, experiments

were performed with either of these NADES as the lower layer, on top

of which water was carefully pipetted. In case of equal diffusion rates of

the constituents in both layers, one would expect the disappearance of

the interface when both layers have become identical. If the diffusion rates

in both layers are not equal, the interface would move up (water diffuses

faster into lower NADES layer, than NADES into the water layer) or down

(NADES components have faster diffusion in upper layer, than water in the

lower layer). To be able to follow the diffusion process over time, carthamin

was added as dye in either phase. The diffusion between the NADES and

water behaved differently than expected, as instead of two phases, three

phases (upper, middle and lower) were observed (Fig. 4, day 10 SuCH;

day 0 day 10
low2

low1
mid2

mid1

up2

up1

Fig. 4 A picture of diffusion tests between sucrose–choline chloride–water (1:4:4) and
water on day 0 and 10, and 3 layers (upper, middle, and lower) were observed with two
interfaces labeled in blue on day 10 (left: carthamin in the sucrose–choline chloride
layer; right: carthamin in the water layer).
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the two interfaces marked with blue color to improve the visibility).

Apparently, the dye diffuses from the lower layer to the middle and from

there to the top layer, whereas little diffusion of the dye occurs from the

top layer to the lower layers, though the solubility of the dye is higher in

the NADES than in water (Dai, 2013; Dai et al., 2014).

The same results were observed with the low viscosity PpCH, though

the intermediate layer disappeared already in 2 days. So, the dye diffusion

between PpCH and water was much faster than that from SuCH and water.

Faster diffusion was also observed when the starting phase of SuCH was

diluted with 10% (v/v) water. Viscosity clearly plays a complex role in

the phase behavior between NADES and water.

To learn more about the composition of the intermediate phase, samples

were collected from the upper and the lower phase, as well as of two differ-

ent levels of the middle layer. The water content of each sample was deter-

mined and the organic components were quantified by means of 1H NMR

(Table 1). At day 10, the water content in the water layer showed a gradient

from about 90% to 60% (up to down), in the middle layer 50%–20% and

more or less unchanged in the lower phase, showing that instead of complete

mixing, a new metastable NADES was formed as an intermediate phase

(Table 1). The ratio of the two components in NADES is different in the

layers. The molar ratio of choline chloride to sucrose in SuCH is 4 when

prepared. During the diffusion process, the ratio was around 15 in the upper

layer, 3 in the middle layer, and remained at the same value of 4 in the lower

Table 1 The water weight percentage and molecular ratio of components of sucrose-
choline chloride in two parts of three different layers (upper, middle, and lower) after
10 days’ diffusion betweenwater and sucrose–choline chloride–water (1:4:4) (n¼3) (see
Fig. 4).

up1 up2 mid1 mid2 low1 low2

Water w% 1 90�2.2 60.1�3.3 50.0�4.5 18.0�3.7 9.0�2.8 6.4�1.5

2 91.9�1.7 64.2�5.7 42.1�4.5 15.3�2.7 6.4�1.0 6.3�0.9

3 90 62 49 15 7.9 7.2

Molar ratio

(choline:

sucrose)

1 14.5 3.2 2.8 3.1 3.5 3.7

2 16.6 3.0 3.0 3.5 3.5 3.9

3 10.3 3.0 2.7 3.1 3.5 3.7

NADES components were quantified by means of 1HNMR measurements.
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layer. Apparently, in the interface of SuCH and water a new phase is formed

from which choline can move into the water layer whereas the sugar is kept

in the middle layer by the hydrogen bonding.

This mixing behavior indicates the complexity of the physicochemical

properties of the cellular contents. A change in pH, concentration, temper-

ature, etc., may cause the formation of separate phases. In a dynamic system

like the endoplasmic reticulum, conditions for the biosynthesis of poorly

water-soluble compounds may be created transiently via the formation of

a third NADES phase in which enzymes are dissolved and where poorly

water-soluble substrates are concentrated from the cytosol. Metabolons

could thus be formed in this way (see chapter “Metabolons and bio-

condensates: The essence of plant plasticity and the key elements in devel-

opment of green production systems” by Møller and Laursen). Layers of

NADES might even be formed on membranes in a dynamic equilibrium

with the liquid phase surrounding the membrane.

3.3 Water content in cells and plants
Some NADES we noted are hygroscopic. That raised the question if

NADES in plants may play a role in controlling water levels, e.g., by absorb-

ing water from the surroundings. Hygroscopicity measurements of

glucose–choline chloride–water (2:5:5) (GCH) showed gradual increases

of water content with an increasing humidity level in the surroundings from

0% to 80%. The process is reversible when the humidity goes down

(Fig. 5A). The water percentage in GCH reached equilibrium in about

10h for a certain condition (Fig. 5B). So, the NADES may function in

adjusting the water level in a plant through interaction with water vapor

in the air.

To explore a hygroscopicity effect in plants, the water level of a barley

seed was tested at a relative humidity level of 80% at 25 °C (Fig. 6). As can be

seen, most water was absorbed during the first 48h and the equilibrium

water content for 80% external relative humidity was about 9.1% (w/w).

When the humidity level decreased to zero, the amount of absorbed water

in the barley seed returned to the initial level within the same time interval.

The observation fits our hypothesis of NADES being involved in water loss

and uptake, e.g., several NADES are clearly hygroscopic and at the same

time are able to strongly retain certain minimum amounts of water. The bar-

ley aleurone has been shown to contain sucrose and choline in an about
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1:1M ratio. The NADES sucrose–choline chloride was found to be hygro-

scopic (Dai et al., unpublished results). The real in situ molecular organiza-

tion of the aleurone is not known, so we cannot conclude yet if indeed these

components are present as a NADES. But, apparently, plants can lose water
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in relative dry conditions and absorb water in relative humid conditions.

The hygroscopicity may explain how mosses can live on rocks, and how

cacti can survive in deserts. Cacti open their stomata during the night which

allows the exchange of oxygen and carbon dioxide. But at the same time

with increasing relative humidity of the air due to low night temperatures,

cacti may also catch the water molecules via a hygroscopic NADES. That

NADES could be formed during the day time from sugars produced from

the carbon dioxide and water that were absorbed during the night. The

water uptake may activate the enzymes of photosynthesis that subsequently

produce sugars again during the day thus restoring a hygroscopic NADES

for nightly water harvesting.

3.4 The effect of NADES on the size, zeta potential
and stability of liposomes

As mentioned above, our hypothesis is that NADES could be attached to

cellular membranes by hydrogen bonding and hydrogen accepting interac-

tions with the polar head groups in the lipid membranes. Therefore, the

effect of someNADES on liposomes was tested as a model for the interaction

of various cellular membranes with NADES. In these experiments artificial

liposomes were made with 7.8mmol 1,2-dioleoyl-3-trimethylammonium-

propane (chloride salt), 3.9mmol soybean L-α-phosphatidylcholine, and
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Fig. 6 The hygroscopicity experiment with intact barley seeds at 25 °C with 20h drying,
followed by 84h 80% relative humidity level, and then back to 0% relative
humidity level.
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3.9mmol cholesterol. The liposomes were kept in a phosphate buffer of pH

7.WhenNADESwas added, the size (hydrodynamic diameter) of liposomes

was increased by 30nm in a buffer with 27.8% sucrose:fructose:glucose

(1:1:1) (SFG), increased by 600nm in buffer with 18.2% sucrose:proline

(1:1) SPr, and decreased by 40nm in buffer with 18.0% sucrose:malic acid

(1:1) (SM), compared with phosphate buffer (Table 2). The levels of the

NADES are such that the liquid behaves like an aqueous solution, i.e., have

a similar viscosity as the buffer (Dai, van Spronsen, et al., 2013). It means that

NADES do affect liposomes, they may attach to them, or vacuoles may

aggregate which increases the size of liposomes in the case of SFG and

SPr, whereas SM decreases the liposome size.

The zeta potential decreased in buffer with SFG, SPr and increased in

buffer with SM, compared with phosphate buffer. The different zeta poten-

tials confirm interactions between NADES and liposomes and also imply

that the interactions between liposomes and various NADES are different.

For SFG, the sugar components may hydrogen bond to the head group of

the lipids and form a film around the liposome through a hydrogen bonding

network, increasing the size of liposome (Crowe, Hoekstra, & Crowe,

1992). Moreover the covering of the liposome with a neutral NADES

may explain the lower zeta potential. For SM, the negatively charged acid

group of malic acid may have ionic interactions with the positively charged

head group of the lipids and this interaction may shrink the size of liposome

due to the attraction effect. The size of liposomes with SPr increased but

they were physically unstable probably due to the zwitterionic form of pro-

line. The preparation of liposomes with sucrose: choline chloride (SC) in

Table 2 The size (hydrodynamic diameter, nm) and zeta potential (ZP) of liposome in
three media (n¼3): phosphate buffer (pH¼7.0), buffer with 18.0% (w/w) sucrose:malic
acid (SM), buffer with 27.8% (w/w) sucrose:fructose:glucose (SFG) and buffer with 18.2%
(w/w) sucrose-proline (SPr)

Size (d, nm) ZP

Average PDIa RSD% Average RSD%

Buffer+SM 117.2 0.124 0.60 40.5 0.65

buffer+SFG 192.2 0.175 4.85 20.4 12.70

Buffer+SPr 790 0.369 25.90 15.2 34.30

Buffer 162.5 0.092 1.07 27.4 1.03

aPDI: polydispersity index, the width of molecular size distribution.
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buffer (pH 7.0) was also attempted but the hydration of the lipid film failed

and the lipid precipitated in the buffer containing SuC. This might be

because of the repulsive forces between choline and the head group of

the lipid (1,2-dioleoyl-3-trimethylammonium-propane). In all, the different

behavior of liposomes in buffers containing NADES with neutral (SFG),

acid (SM), basic (SC) and zwitterionic (SPr) components indicates the exis-

tence of interactions between liposomes and the molecules of NADES

components.

The stability of liposomes in different media was investigated with the

size and zeta potential as parameters. The size, polydispersity index, and zeta

potential of liposomes were practically stable for 1 month at 4°C in buffer

and buffer with SFG or SM, but unstable in SPr. This indicates that lipo-

somes are stable for shape, homogeneity, and interaction between

NADES and liposomes for at least 1 month in buffer, buffer with SFG or

SM.However, after 5 months at 4 °C, the liposomes had precipitated in both

buffer and SPr, while they were still in suspension in SFG and SM. This

proves a stabilizing effect of some NADES on liposomes. The stabilizing

effects of sugars on membranes and liposomes have been known already

for many years (Crowe et al., 1988, 1992; Crowe, Crowe, Carpenter, &

Aurell Wistrom, 1987; Crowe, Leslie, & Crowe, 1994). Further studies

should establish if the NADES effects are different from the sugar effect.

The strong proton donor/proton acceptor interactions in the NADES

may lead to the formation of a NADES layer on membranes, in which even

selectivity may play a role, e.g., a different binding with an acid (e.g., malic

acid) or a base (e.g., choline) containing NADES, depending on the char-

acter of the membranes.

3.5 The effect of NADES on the membrane dynamics
of liposomes

The effect of NADES on membrane dynamics was studied with the EPR

spin probe technique. A spin label 5-doxylstearic acid (5-DS) was used to

probe the membrane interface in liposomes. In the 5-DS molecule the

nitroxide doxyl group (a stable radical) is attached in a rigid, stereospecific

manner to stearic acid at the fifth carbon from the COOH group. In phos-

pholipid membranes the COOH group of spin-labeled stearic acid is

inserted between the polar heads. Therefore, the nitroxide (doxyl group)

of 5-DS resides in a polar area of the bilayer, which is called the bilayer sur-

face or bilayer interface. The EPR spectral shape of 5-DS depends on the

motion and angular orientation of the nitroxide group with respect to the

175Natural deep eutectic solvents in plants and plant cells



membrane lipid-water interface (Marsh, 1981). This spin label allows the

probing of the motional freedom in membranes at the lipid-water interface

of the bilayer.

The anisotropic character of the spectral shape of 5-DS in liposomes in

normal buffer (Fig. 7A) results from the restricted angular freedom of the

radical group of 5-DS in the bilayer interface. The spectral parameters

Amax and Amin indicate the outer and inner hyperfine splitting in an exper-

imental spectrum as shown in Fig. 7A. The membrane-order parameter Szz
can be calculated as the ratio between the observed hyperfine anisotropy

(Amax�Amin) to the maximum theoretically obtainable value, which corre-

sponds to the completely rigid orientation of 5-DS (Knowles, Marsh, &

Rattle, 1976). With membrane fluidization outer splitting (Amax) decreases

and inner splitting (Amin) increases, so that the order parameter decreases.

Later on, some corrections have been proposed to account for differences

in polarity and for the range of membrane-order parameter. Here the order

parameter is calculated according to the formula proposed by Marsh and

Schorn (1998). This formula takes into account the principle splitting values

for 5-DS and is corrected for polarity of the spin label environment.

Szz¼1/7 (Amax+2Amin)� sqrt{[1/7(Amax+2Amin)]
2�0.46 (Amax�Amin)

+0.6}.

The EPR spectra of the 5-DS incorporated into the liposome in four

media were compared: phosphate buffer, phosphate buffer with SFG

(27.8%), phosphate buffer with SM (18.0%), and phosphate buffer with

SPr (18.1%). The data on 2Amax and Szz are presented in Table 3. Outer

splitting 2Amax considerably decreases in the presence of 18.0% SM and

decreases insignificantly in the presence of SFG and SPr. The order param-

eter Szz of the EPR spectra of 5-DS in liposomes in the presence of 18.0%

SM is considerably reduced (Table 3). In the presence of SFG and SPr the

order parameter slightly increases.

The decrease of outer splitting 2Amax and order parameter Szz in the pres-

ence of SM result from the fluidization of themembrane interface. This data is

also supported by a decrease in the width of the central line (Table 3). The

results are in accordance with a considerable decrease of liposome size from

162.5 to 117.2nm (Table 2). Obviously, the decrease of liposome size inev-

itably causes the fluidization of the liposome bilayer outer surface due to an

increased bilayer curvature and the spacing between lipids. The effect of

bilayer curvature on phospholipid behavior has been demonstrated bymolec-

ular dynamics simulations (Risselada &Marrink, 2009). The size of liposomes

in the presence of SFG and SPr considerably increases (Table 3). However,
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this causes only a slight ordering of the membrane interface as determined by

order parameter (Table 3). If the ordering/immobilization increases slightly in

the presence of SFG and SPr, an increase of the outer splitting 2Amax would

also be expected. However, this was not the case. The slight decrease of the

2Amax for these cases could be explained by the decrease of the polarity in the

vicinity of spin label moiety.

The width of the central line decreases in the presence of all NADES

(Table 3, Fig. 7), while the ratio between the heights of the central (H0)

and low-field (H+1) lines (as indicated in Fig. 6C) increases in the presence

of all NADES (Table 3, Fig. 8). There are many factors that determine the

line width in the EPR spectra. Line broadening can be paramagnetic and

motional. Line narrowing can only be explained in the case of SM by flu-

idization of the membrane interface, because in this case the order parameter

of the spectrum also decreases. In the case of SFG and SPr the situation is

more complicated. Both spectra are identical, thus the mechanism of line

narrowing for these two NADES must be the same. In these samples, line

narrowing occurs without the decrease of the order parameter. The order

parameter relates to the average angle of the departure of the molecular axis

of the acyl chain from the normal to the bilayer surface (angular orientation

or angular freedom). When the system is disordered, this angle increases and

the spin label moiety experiences more freedom to move. This results in line

narrowing. If order parameter does not change, this can only mean that the

rate of rotation around the molecular axis of the acyl chain increases without

system disordering. Usually such effect is observed in the membrane

Table 3 Parameters of electron paramagnetic resonance spectra of 5-doxyl stearic acid
in liposomes in the presence of three different natural different deep eutectic solvents
(buffer with 18.0 (w/w) sucrose:malic acid (SM), buffer with 27.8% (w/w) sucrose:
fructose:glucose (SFG), and buffer with 18.1% (w/w) sucrose:proline (SPr), compared
with phosphate buffer (pH¼7.0)).

Media composition 2Amax, (Gauss) Szz (Rel. units) ΔW0 (Gauss)
H0/H+1

(Rel. units)

Buffer (pH¼7.0) 52.08 0.617 4.6919 2.71391

Buffer+27.8 (w/w) SFG 51.99 0.629 4.30102 3.67734

Buffer+18.0% (w/w) SM 47.45 0.507 4.30103 3.26143

Buffer+18.1% (w/w) SPr 51.87 0.622 4.30102 3.55936

The parameters include membrane-order parameter (Szz), the outer hyperfine splitting (2Amax, in gauss),
the width of the central line (ΔW0, in gauss) and the ratio between the heights of the central (H0) and
low-field (H+1) lines (H0/H+1, relative units).
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interface at higher temperature. The fact that the same phenomenon is

observed in case of NADES at room temperature, is very intriguing.

If line narrowing originates from a decreased probability of interaction

between the spin label moieties at the liposomal membrane (paramagnetic

broadening due to dipole-dipole interaction or exchange), then such an

effect may result from decreased membrane lateral diffusion (Sachse,

King, & Marsh, 1987). The restriction of lateral diffusion of lipids within

bilayers in the presence of NADES would be one other possible mechanism

for their stabilizing effect. All the parameters in EPR show an unexpected

behavior of 5-DS which may indicate the establishment of a NADES layer

around the liposomes. Generally spin label experiments are in aqueous sur-

roundings, with the -COOH group of 5-DS at the polar heads of the lipid

bilayer and the doxyl group in a polar area of the bilayer. If NADES builds

up a shell around the liposomes, the label will be in NADES, a less polar but

viscous environment, in which the 5-DS might bind more loosely with the

polar heads of the bilayer as it dissolves better in the NADES than in water.

In other words, the 5-DS will have a different behavior in a water-lipid sys-

tem than in a water-NADES-lipid system due to a different interface at the

bilayer. The decrease of the line width and increase of the H0/H+1 ratio in
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the spectra of 5-DS in liposomes in the presence of SFG and SPr are a clear

indication of the presence of another fraction of 5-DS, which demonstrates

liquid-type behavior. These spectra may be considered as the sum of two

spectra—one originates from the immobilized doxyl group (anisotropic

spectrum), another—from the freely rotating spin label (isotropic spectrum

with narrow lines). Superposition of two spectra results in the central line

narrowing together with almost non-changed order parameter. The inter-

action of 5-DS with the bilayer is not homogenous, the differences may be

caused by different localizations of the spin-label moiety in the bilayer. One

localization might allow the free rotation of the doxyl group, the other loca-

tion might be one more embedded in the bilayer. The isotropic spectrum

might also result from any local spacing in the bilayer due to insertions of

some molecular groups between phospholipid molecules, created by the

insertion local spacing allows faster and less restricted rotation of the doxyl

group. These measurements show that the addition of a NADES to liposome

in a buffer results in changes in the liposome membranes. Different NADES

have different effects. The effects include for someNADES an increase of the

liposome stability. To translate these results to living cells is at this point pure

speculation, but at least it is clear that different NADES may interact with

different membranes in cells and thus may have a host of functions in the cell.

For example one may envisage that the vacuolar membrane on the inside has

a sugar-malic acid NADES, because of the acidic nature of the vacuolar liq-

uid, and on the outside a sugar–choline chloride NADES, thus creating a

kind of buffer to stabilize the tonoplast potential.

The most important lesson form these experiments is that the addition of

NADES to an aqueous liposome suspension, changes the character of the

liposomes. This fits our thoughts about the role of NADES in biological sys-

tems, NADES is a concept in which complex interactions between various

molecules need to be considered to better understand various cellular func-

tions, in which the NADES can be considered as a third liquid phase.

4. Conclusion

The aim of this chapter was to summarize and assess the in vitro evi-

dence we accumulated for the existence of NADES in biological systems and

to discuss some of their possible functions. NADES were proposed as a third

liquid phase in cellular metabolism (Choi et al., 2011). Based on that

hypothesis several aspects have been studied.
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A number of flowers have been reported to have much higher levels of

flavonoids and anthocyanins than water solubility would enable. These

compounds are very well soluble in NADES, containing a certain percent-

age of water. High levels of these compounds could be found in the extracts

of such flowers, but solid phase MAS NMR did not detect the phenolics

using a small molecules targeted method. That means that probably in

flowers these compounds are bound to large molecules, or form aggregates

that behave as high molecular weight compounds and thus remain

undetected in the solid phase NMR targeted at small molecules.

NADES may be involved in controlling the water level in plants and

even trap water from humid air. NADES components are present in all cells

and some are even the major compounds. It is well known that the levels of

some NADES components are increased in plants as a defense against freez-

ing and against drought. The use of NADES components in cryopreserva-

tion is good evidence for the possible role of NADES against freezing.

Further studies in this field maybe important for breeding frost resistant

plants and to further optimize cryopreservation of various organisms.

Desert plants are obvious subjects for further studies of the role of

NADES in resurrection plants as well as studying how plants like cacti

can use NADES to hold water or even capture water from the atmosphere

when at low temperatures the relative humidity gets very high and hygro-

scopic sugars based NADES may capture water from the air.

If NADES can be formed in cells, e.g., in vesicles, metabolons or as a

layer on cellular membranes, the question is how diffusion would work

at the interface between NADES and water in, e.g., the vacuole or the cyto-

sol. An experiment in which a water layer was brought on top of a NADES it

was observed that slowly a three-phase system was formed, in which the

middle layer was a new NADES with a higher level of water. A dye added

to either upper or lower layer diffused upward, but not downward. This

shows the complexity of NADES in all kinds of cellular processes.

The stabilizing effects of sugars on membranes and proteins are known

already for many years. The experiments we did with NADES showed also

clear effects on liposome characteristics, including an increased stability.

Assuming that sugars can bind to both membranes and proteins, the

NADES open the way to build a whole sheet around the membranes or

a protein. Strong reversible hydrogen bonding may result in transiently put-

ting together a series of proteins capable of catalyzing a biosynthetic

pathway, i.e., creating a metabolon (Bassard & Halkier, 2018; see chapter

“Metabolons and bio-condensates: The essence of plant plasticity and the
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key elements in development of green production systems” by Møller and

Laursen of this issue). The combination of this concept with membranes,

leads to vesicles, which creates an environment where non-water-soluble

intermediates are dissolved and may be transferred from one enzyme to

the next in the sequence of the biosynthesis pathway. The characteristics

of an enzyme in a NADES might be quite different from the same enzyme

in water, among others because of a much higher concentration of substrate

in the NADES liquid phase than in water. To fully address this hypothesis on

the central role of NADES in many cellular processes, further experiments

are required that can do in situ measurements on the interactions of mole-

cules. Eventually that might revolutionize our views on cell physiology, as

well as the physiology of whole organisms.

In this chapter we have brought together the results of a number of sep-

arate experiments we did in the past years in which we explored various

models for possible roles of NADES in living organisms. Most of the results

only give indirect evidence for possible roles, but for the final proof the

occurrence, compartmentation and interactions of the NADES molecules

in living cells must be mapped, in space and in time, i.e., full characterization

of the dynamic system of all molecules in a living cell. Present day omics

technologies can characterize all the molecules in an organism and even a

cell, but how they interact in a dynamic system and how they are localized

on a nanoscale is now the last step into the full understanding of life. A major

challenge! A challenge that requires a multidisciplinary approach to be able

to unravel all the molecular interactions in the three dimensions of space and

the one of time.
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